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Abstract 
 
Coupon test data from five pultruded GFRP profiles is used to generate longitudinal/transverse, 
tensile/compressive ultimate stresses, elastic moduli, minor/major Poisson’s ratios and ultimate strains (some of 
which are not in the pultruders’ design manuals). Characteristic ultimate stresses/elastic moduli are compared to 
design manual minimum values. The former depend on profile size/shape, whereas the latter are shape-/size-
independent. Limit state design stresses are shown to be larger than permissible stress design stresses. However, 
most of the limit state longitudinal design elastic moduli are smaller and all of the transverse design elastic 
moduli are larger than the permissible stress values.  
 
Keywords: A. Polymer-matrix composites (PMCs); B. Mechanical properties; D. Mechanical testing; E. 
Pultrusion 
 
1. Introduction 
 
Pultruded GFRP structural grade profiles have been used for many years in a wide variety of secondary 
structures such as staircases, walkways and raised platforms. Their use in these and other applications continues 
to grow as awareness of their potential amongst the structural engineering community increases. 
 
In order to promote the use of their GFRP profiles and assist structural engineers engaged in the design of GFRP 
structures, several pultruders began to publish design manuals about 40 years ago. During the intervening years 
they have continued to update the manuals and have made them accessible online [1 – 3]. In 1996 these manuals 
were supplemented with the EUROCOMP Design Code and Handbook [4], which was the first limit state 
design guidance for Fibre-Reinforced Polymer (FRP) composite materials/structures used in infrastructure. 
More recently, limit state design guides have been published in Europe and Japan (see for example, [5 – 8]). 
Perhaps the most up-to-date design guides for FRP composite structures are those published under the auspices 
of the ASCE [9] and the EU’s CEN Technical Committee 250 [10]. 
 
The aforementioned pultruders’ manuals and design guides provide useful and reasonably comprehensive 
information for the design of pultruded GFRP structures. In the pultruders’ manuals there is a particular focus 
on the ultimate stress and elastic modulus properties of their standard structural profiles, whereas in the design 
guides the focus is on how ultimate stress and elastic modulus data are used in the design of FRP components 
and structures so that they comply with the specified serviceability and ultimate limit state criteria. However, it 
is important to appreciate that the basic mechanical properties (ultimate stress, elastic modulus etc.) of the 
GFRP standard structural profiles, given in the pultruders’ manuals, are described as typical or minimum values 
of these properties and, therefore, are not applicable to limit state design, even though they were established by 
tests carried out in accordance with early versions of the relevant ASTM standards. They are, however, 
frequently used in permissible stress design in conjunction with relatively large factors of safety. Because the 
pultruders have not disclosed full details of the mechanical properties of the pultruded GFRP standard structural 
profiles their typical/minimum status remains to be independently and rigorously verified. 
 
In the light of the foregoing comments and the fact that the pultruders manufacture standard structural profiles 
which are deemed to comply with the E17 and E23 requirements, i.e. have flexural elastic moduli of 17 and 
23GPa, given in [11], it would be useful to undertake (independent of the pultruders) more comprehensive 
mechanical testing of pultruded GFRP standard structural profiles to verify the status of the minimum 
properties, particularly ultimate stress and elastic modulus, and obtain characteristic values which may be used 
in limit state design.         
 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
Revised Manuscript without figures.docx 
2 
 
It is also worth pointing out that a number of important mechanical properties of the standard pultruded GFRP 
structural profiles are incomplete or absent from the pultruders’ design manuals. In particular, ultimate strains 
are not included in [1 – 3]. Furthermore, it appears that, except for flat plate, the mechanical properties are 
assumed to be independent of the shape, wall thickness and fibre architecture of the profiles, and only 
marginally dependent on the type of polymer matrix. The justification for these assumptions is not articulated in 
[1 - 3] and, therefore, would also appear to merit further investigation. 
 
Since the appearance of the early editions of [1 – 3] a number investigations of the tensile and compressive 
properties of pultruded GFRP composites have been reported and several of them are reviewed briefly in the 
succeeding paragraphs. However, it appears that they have had little impact, since the basic mechanical 
(ultimate stress, elastic modulus etc) properties remain unchanged in later online versions of [1 – 3]. 
 
In 1992, as part of an extensive investigation of the notched strength of 6.4 mm thick pultruded GFRP plate 
[12], tension and compression tests were carried out on unnotched coupons to determine the effects on ultimate 
stress of width and roving orientation relative to their longitudinal axis. Three widths, 15, 25 and 35 mm, and 
three orientations, 0o, 45o and 90o, were investigated. For the tension coupons, the scatter in the ultimate stress 
of the 0o coupons increased significantly as the width decreased, due to variations in the lateral spacing of the 
rovings. However, the mean ultimate tensile stress was not significantly affected by coupon width.  
 
Tension tests on rectangular coupons cut longitudinally out of the web and flanges of 254 x 254 x 9.5 mm and 
305 x 305 x 12.7 mm pultruded GFRP Wide Flange (WF) profiles were reported in [13]. The tests indicated that 
similar mean longitudinal ultimate tensile stresses and elastic moduli could be obtained provided five coupons 
from all parts of the cross-section at any position along the profile were tested. Tension tests on aluminium 
tabbed rectangular coupons cut out of a 203 x 203 x 9.5 mm vinyl ester pultruded GFRP WF profile have also 
been carried out and mean longitudinal/transverse elastic moduli, ultimate stresses and major/minor Poisson’s 
ratios obtained [14]. Unfortunately, standard deviations were not recorded and so characteristic values could not 
be determined. However, the principal objectives of the tests were to provide data to verify analytical 
procedures for calculating the ultimate stress and elastic modulus properties of the WF profile. Aluminium 
tabbed longitudinal tension tests on coupons cut out of the web and flanges of a pultruded GFRP 102 x 51 x 6.4 
mm I-beam have also been reported [15]. The full-width flange coupons included a central zone of residual web 
material along one face. This feature may have affected the coupons’ overall tensile strengths. 
 
Test work, similar to that outlined above, was carried out, during roughly the same time period, on compression 
coupons cut out of pultruded GFRP flat plate [12, 16 & 17] and WF profiles [18] to determine the material’s 
longitudinal stiffness and ultimate stress properties. 
 
The present investigation seeks to complement and broaden the aforementioned experimental investigations, via 
a series of approximately 100 tension/compression tests on coupons cut out of several sizes/shapes of pultruded 
GFRP profile, namely WF, channel and angle. The principal objectives of the investigation are to: (1) confirm, 
for these particular profiles, that their mechanical properties are not independent of shape/size, as suggested in 
the pultruders’ manuals, and to quantify their differences/values, (2) provide values for tension/compression 
properties not given in the manuals, (3) quantify characteristic tension/compression ultimate stresses and (4) 
quantify and compare limit state design ultimate stresses and elastic moduli with permissible stress design 
stresses and elastic moduli for these pultruded GFRP profiles. 
 
Although the aforementioned objectives will enhance the knowledge base of mechanical properties used in the 
design of pultruded GFRP components and structures, designers should be mindful of the fact that these 
properties have been determined from coupon dimensions prescribed in test standards and it is tacitly assumed 
that they relate directly to full-size profiles. This may not necessarily be so in all design situations, particularly 
where local and/or torsional buckling may arise. It is well known that wrinkling of the fibre architecture (CFM) 
may be present at flange edges and web-flange junctions. Consequently, additional test methods need to be 
standardised, and included in design manuals/guidance, for quantifying the stiffness and strength of web-flange 
junctions and enhancing the design of GFRP profiles, particularly for local and torsional situations. Further 
information on the latter issues may be found in [19 – 21].    
 
First, details are given of the sizes, shapes and fibre architectures of the profiles and the orientations 
(longitudinal or transverse) and locations (flange, web or leg) where the tension/compression coupons were cut 
out of them. In the next section, the dimensions of the tension/compression coupons are given together with the 
reasons why they differ for different profiles. Details of the types and orientations of the strain gauges used to 
record coupon strains during the tension/compression tests are also given. The procedures adopted for the 
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tension/compression tests are then explained. Thereafter, the tensile/compressive properties determined for each 
profile are discussed and the differences in their modes of failure are illustrated and commented upon. 
Characteristic ultimate stresses, strains, moduli and Poisson’s ratios of the profiles are presented and discussed 
and, where applicable, compared with corresponding minimum values given in the pultruder’s design manual 
[1]. Limit state design ultimate stresses and elastic moduli derived from characteristic values are compared with 
corresponding permissible stress values and their differences highlighted. Finally, the principal conclusions 
derived from the tension/compression coupon test data are summarised. 
 
2. Details of the pultruded GFRP standard structural profiles 
 
Five sizes of three shapes of EXTREN® 500 series GFRP profiles, manufactured using the same pultrusion 
process, provided the source material for the tension and compression coupons. The profiles comprised of two 
WFs, one channel and two angles. Channel and angle profiles were not included in the investigations reported in 
[12 – 18]. The dimensions of the five profiles (drawn roughly to scale) are shown in Figure 1.Visual inspection 
of the end cross-sections of the profiles showed that there were two forms of E-glass fibre reinforcement, viz. 
rovings (bundles of parallel fibres) and continuous filament mat (CFM), in their flanges, webs and legs and that 
each roving layer was sandwiched between two layers of CFM. The matrix material was a mixture of polyester 
resin and filler (chalk or clay). For these profiles the glass fibre, polyester resin and chalk/clay filler volume 
percentages were typically 50, 40 and 10%, respectively. The through-thickness fibre architecture of the 102 x 
102 x 6.4 mm WF, 76 x 76 x 6.4 and 76 x 76 x 9.5 mm angle profiles comprised of two roving layers 
sandwiched between three CFM layers. Likewise, the fibre architecture of the 203 x 203 x 9.5 mm WF profile 
comprised of four roving layers sandwiched between five CFM layers, whereas the 102 x 28.6 x 6.4 mm 
channel’s fibre architecture comprised of three roving layers sandwiched between four CFM layers. The smooth 
resin-rich surfaces of all five profiles incorporated lightweight CFM veils. 
 
Insert Figure 1 
 
3. Tension and compression coupon details 
 
It is well known that wrinkling of the CFM occurs along the flange edges of the profiles and also along the 
junctions between webs and flanges of WF profiles. It is believed that this is due in part to pressure and 
temperature within the pultrusion die, which causes small transverse movements of the CFM, and to differential 
residual curing and shrinkage of the matrix after the profile exits the die. Therefore, in order to avoid the effects 
of non-uniformity of the fibre architecture, the longitudinal coupons were cut out of the central zones of the 
profiles’ flanges, webs and legs so that each longitudinal edge was at least 10 mm away from a web-flange 
transition radius and/or a flange edge. Likewise, for the transverse coupons the same criteria were enforced with 
respect to their ends. Furthermore, in order to minimise damage to the sides and ends of the coupons, a diamond 
edged wheel saw was used to cut the coupons out of the pultruded GFRP profiles. 
 
A total of 97 tension and compression coupons were cut out of the WF, channel and angle profiles. The tension 
coupons were sub-divided into nine groups. The coupons in seven of the groups were cut lengthwise out of the 
webs, flanges and legs of the profiles. The other two groups were cut transversely out of the webs of the WF 
profiles. Similarly, eight groups of compression coupons were cut out of the same profiles, again being sub-
divided into six longitudinal and two transverse groups. Details of the numbers of coupons and the locations 
where they were cut out of each profile are given in Table 1. No longitudinal coupons were cut out of the 
channel’s flanges because they would be too narrow in order to avoid CFM wrinkling at the web-flange 
junctions and flange edges. Likewise, no transverse coupons were cut out of the angle legs because they would 
be too short to avoid wrinkling and provide adequate grip lengths.  
 
 
 
 
 
 
 
 
 
 
 
 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
Revised Manuscript without figures.docx 
4 
 
 
Table 1 
 
Details of the numbers, locations and orientations of the tension and compression coupons cut out of the 
pultruded GFRP profiles 
 
Profile Shape 
 
Nominal 
Cross-section 
Dimensions 
[mm] 
Flange/Leg 
Coupons 
(Longitudinal) 
Web 
Coupons 
(Longitudinal) 
Web 
Coupons 
(Transverse) 
T C T C T C 
WF S1 
S2 
203 x 203 x 9.5 
102 x 102 x 6.4 
6 6 4 6 6 6 
6 - 4 5 6 6 
Channel S3 102 x 28.6 x 6.4 - - 6 6 - - 
Angle S4 
S5 
76 x 76 x 9.5 
76 x 76 x 6.4 
6 6 - - - - 
6 6 - - - - 
 
Note: T denotes tension and C denotes compression. 
 
The dimensions of the tension coupons were determined with reference to the guidance given in the BS EN ISO 
527 [22] and ASTM D3039 [23] test standards. Therefore, the plan dimensions of the longitudinal tension 
coupons were 300 x 25 mm with grip lengths of 75 mm (see Figure 2(a)). Hence, their gauge length to width 
ratio was 6:1, i.e. sufficient to give a uniform tensile stress across the central cross-section of the coupon 
(corroborated by previous experience of tensile testing of similar sized coupons without end tabs). 
Consequently, the seven sets of longitudinal tension coupons were tested without end tabs. The transverse 
tension coupons cut out of the web of the 203 x 203 x 9.5 mm WF profile were 170 mm by 25 mm wide with 30 
mm grip lengths (see Figure 2(b)). For these coupons the gauge length to width ratio was 4.4:1. Consequently, 
they were also tested without end tabs. However, the depth of the web of the 102 x 102 x 6.4 mm profile limited 
the transverse coupons to 86 mm long by 25 mm wide (see Figure 2(c)). For these coupons it was decided to 
bond 24 x 25 x 1.5 mm aluminium tabs to their ends prior to testing. Because the gauge length to width ratio of 
the latter coupons was only about 1.5, the tensile stress distribution across the central cross-section may not have 
been entirely uniform due to lateral restraint effects at the grips. Consequently, the values of the transverse 
tensile properties determined from these tests may be less accurate than corresponding properties derived from 
the longer longitudinal and transverse tension coupon tests. 
 
 
Insert Figure 2 
 
The overall dimensions of the compression coupons, shown in Figure 3, were determined taking into account 
the guidance given in BS EN ISO 14126 [24] and ASTM D3410 [25]. Five sizes of coupon were chosen with 
widths of 25 mm, overall lengths of 210 to 86 mm, grip lengths of 80 to 24 mm and gauge lengths of 50 to 38 
mm. The longer overall length coupons with longer grip lengths were selected for the longitudinal compression 
coupons, whereas the overall length of the shortest coupon with short grip lengths was dictated by the web depth 
of the smaller WF profile (Shape 2). As recommended in BS EN ISO 14126 [24], all of the compression 
coupons were tested with 1.5 mm or 2 mm thick aluminium end tabs, which were bonded to the abraded coupon 
ends using Araldite 2015 adhesive. Aluminium was chosen for the end tabs because its elastic modulus is 
similar to that of GFRP and, therefore, minimises stress concentration effects at the grips. The thicker tabs were 
used on the coupons cut out of the profiles with 9.5 mm thick flanges/webs/legs. The width of the coupons’ 
gauge length was chosen to minimise the effects of variations in the coarse fibre architecture and plate effects. 
Similarly, the gauge lengths were chosen to be short enough to prevent buckling (which was checked by Euler 
bucking theory assuming simply supported ends) and long enough to minimise the influence of transverse end 
restraint at the grips on the uniformity of the compressive stress within the gauge section. 
 
 
Insert Figure 3 
 
Each tension and compression coupon was instrumented with two 120 Ω internal resistance strain gauges 
(manufactured by Tokyo Sokki Kenkyujo Co. Ltd), i.e. a 10 mm uniaxial PFL-10-11 gauge at the centre of one 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
Revised Manuscript without figures.docx 
5 
 
face and a 5 mm biaxial FCA-5-11gauge at the centre of the opposite face. The sensitive axes of the gauges 
were parallel to the coupon’s longitudinal and/or transverse centrelines.  
 
A consistent procedure was used to bond the strain gauges to a coupon’s face. At the gauge location the surface 
veil was abraded to expose the rovings. The surface was then cleaned with M-Bond neutraliser, after which M-
Bond catalyst and adhesive were applied to bond the gauge to the coupon’s face. This procedure has been shown 
to produce reliable strain gauge readings on pultruded GFRP polymer composites. Other methods of recording 
full-field coupon strains such Digital Image Correlation (DIC) [26] or Speckle Pattern Interferometry (SPI) [27] 
were not available to the Authors at the time of undertaking the test work and would probably have been viewed 
as unnecessarily complicated, though they would have saved the cost of many strain gauges. Indeed DIC and 
SPI are probably more appropriately used for tracking localised failure progression in a composite, rather than 
for simply determining its macroscopic mechanical properties (ultimate stress etc) as in the present 
investigation.  
 
4. Test Procedure and data reduction 
 
Prior to testing each group of coupons, the width and thickness of each coupon was measured at three positions 
along its length, i.e. at the mid-length and adjacent to each end of the gauge length, using a digital vernier 
caliper, with an accuracy of 0.01 mm.  The widths of the coupons were within 0.5 mm of the specified nominal 
width of 25 mm (thereby confirming the consistency and accuracy of the cutting procedure using the diamond 
edged wheel saw). The mean width and thicknesses were used to determine each coupon’s mean cross-sectional 
area. 
 
The tension coupon tests were carried out in a 200 kN capacity Amsler universal testing machine using the 20 
and 100 kN load scales. The tensile load was applied under load control at a rate of 0.1 – 0.15 kN/second. Each 
coupon was loaded until it failed and the load and strain data from the Amsler’s load cell and the two strain 
gauges were recorded at 0.1 second intervals by a StrainSmart data logger. After each test, the coupon was 
inspected visually to identify its failure mode and then photographed to provide a permanent record thereof. 
 
IITRI (Illinois Institute of Technology Research Institute) test fixtures are often used to conduct compression 
tests on coupons of material [28]. The test fixture applies transverse pressure and shear stresses to the coupon’s 
end tabs to prevent slip as the coupon shortens axially in compression. The IITRI fixture in the present tests had 
flat-faced tapered grips in matching pockets in thick steel blocks to accommodate coupons of different 
thicknesses. The steel blocks were bolted to the upper and lower platens of the test machine, to ensure their 
correct alignment. Figure 4 shows a schematic drawing of the tapered grips and pockets within the steel blocks 
and Figure 5 shows a compression coupon under test. 
 
 
Insert Figure 4 
 
Insert Figure 5 
 
The cross-section dimensions of the compression coupons were measured before they were clamped between 
the tapered grips and their alignment checked. The upper tapered grip was then inserted and held in place in the 
matching pocket of the upper steel block bolted to the fixed grip of the test machine. The lower grip and steel 
block were then slowly raised to allow the lower tapered grips of the test coupon to slide into the matched 
pocket of the steel block ready for testing in compression. The compression tests were carried out under load 
control using the same load and data acquisition rates as the tension coupons. After each test the coupon was 
inspected and photographed to provide a permanent record of its failure mode. 
 
The mean of the longitudinal tensile strains recorded at the centre of each coupon face and their corresponding 
tensile loads were used to plot a graph of load versus mean strain. A straight line was fitted to the data points 
between the mean strains of 500 and 2500 µε, so that the longitudinal elastic tension modulus could be 
determined by dividing the line’s slope by the coupon’s mean cross-sectional area. The Poisson’s ratio was 
determined from the ratio of the biaxial strain gauge readings over the same strain range. The coupon’s ultimate 
tensile stress was calculated by dividing its peak tensile load (obtained from its load versus strain graph) by its 
mean cross-sectional area. The ultimate strain was taken as the value of the mean longitudinal strain 
corresponding to the peak load of the coupon’s load versus mean strain graph. The corresponding quantities 
were determined in a similar manner for each compression coupon. 
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A plot of the tensile load versus mean longitudinal strain is shown in Figure 6 for a typical coupon cut out of the 
flange of the 203 x 203 x 9.5mm WF profile. It is evident that the response is linear until shortly before failure. 
A similar load versus strain plot is shown in Figure 7 for a transverse web coupon cut out of the same WF 
profile. Compared to Figure 6, the response is nonlinear. A potential cause of the nonlinearity is that micro-
cracks occurred at a relatively early stage during loading and accumulated as the loading increased to final 
failure. An additional reason for the difference in responses is due to the fact that the longitudinal response is 
dominated by the stiffer rovings, whereas the transverse response is governed by the more flexible CFM and the 
polyester resin. Also, the longitudinal failure load is significantly larger than the transverse failure load.  Similar 
linear load versus strain responses were obtained for the longitudinal tensile flange and web coupons of the 
smaller WF profile and the longitudinal web/leg coupons of the channel and angle profiles, respectively. The 
reduction in transverse elastic modulus with increasing strain of the two sizes of WF profile may be a factor 
which needs to be considered in design. 
 
 
Insert Figure 6 
 
 
Insert Figure 7 
 
The load versus mean strain responses of the longitudinal compression coupons of the WF, channel and angle 
profiles were linear, just as the longitudinal tension coupons of the same profiles. Likewise, the load versus 
mean strain responses of the transverse compression coupons exhibited slightly less nonlinearity compared to 
their tension coupon counterparts for the same profiles. Examples of the longitudinal and transverse 
compression load versus strain responses are shown in Figures 8 and 9, respectively. 
 
Insert Figure 8 
 
Insert Figure 9 
 
5. Tension and compression test results 
 
The mean values of the tensile and compressive ultimate stresses etc. are given in Table 2 for the pultruded 
GFRP WF profiles and Table 3 for the channel and angle profiles. In Table 2 both longitudinal and transverse 
properties are given, whereas in Table 3 only longitudinal properties are presented. In addition to mean values, 
standard deviations and coefficients of variation are included in both tables. In the following sub-sections a 
number of comments/observations are made about the test data for each of the pultruded GFRP profiles. 
 
Insert Table 2 
 
5.1 203 x 203 x 9.5 mm WF profile (Shape S1) 
 
In Table 2 longitudinal compressive ultimate load, stress and strain values are given for only one of the six 
coupons cut out of this profile. The reason is that for the other five nominally identical coupons the aluminium 
end tabs debonded prior to failure. Despite re-bonding the tabs and re-testing two or three times it was still only 
possible to fail one of the six coupons. Nevertheless, mean elastic modulus and Poisson’s ratios were able to be 
derived from their load – strain curves between the 500 to 2500 µε range. 
 
It is evident that the mean ultimate tensile stress and elastic modulus of the web are 6 – 7% greater than those of 
the flange, whereas the mean ultimate tensile strain of the web is about 3.2% lower than that of the flange. 
Furthermore, ultimate tensile strain is not given in [1 – 3]. Moreover, the mean tensile modulus of the flange is 
nearly 6% lower than that of the web, whereas the compression moduli of the flange and web are almost equal. 
 
The transverse tension and compression data (web only) are also given in Table 2. It is evident that the mean 
ultimate transverse compression stress is almost exactly twice that of the mean ultimate transverse tensile stress. 
However, the web’s mean ultimate transverse compressive strain is only about 36% greater than its mean 
ultimate tensile strain. The difference between the web’s mean transverse tensile and compressive elastic moduli 
is small with the latter 2.4% greater than the former. Also, the web’s mean compressive minor Poisson’s ratio is 
19% greater than the tensile ratio. 
 
5.2 102 x 102 x 6.4 mm WF profile (Shape S2) 
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The mean values of the longitudinal tensile and compressive ultimate stresses, strains, elastic moduli and 
Poisson’s ratios of this profile are also included in Table 2. Tensile mean values were obtained for the web and 
the flanges, whereas only mean compressive values were obtained for the web. The mean ultimate tensile stress 
of the web is about 9.2% greater than that of the flange. The web’s mean ultimate compressive stress is 1.4% 
greater than the corresponding tensile value. However, the mean longitudinal tensile modulus of the web is 7.1% 
greater than that of the flange. In contrast, the web’s mean compressive and tensile elastic moduli differ by less 
than 1%. The difference between the mean tensile major Poisson’s ratios of the web and flange is 2.9% with the 
flange’s value being higher. The web’s mean compressive major Poisson’s ratio is 3.5% greater than its tensile 
value. 
 
The web’s mean transverse tensile and compressive properties are also included in Table 2. The ultimate 
compressive stress is about 71% greater than the ultimate tensile stress. However, the ultimate compressive 
strain is 11% greater than the ultimate tensile strain. The mean compressive elastic modulus is 10.5% greater 
than the tensile modulus and the compressive minor Poisson’s ratio is about 5.4% greater than the tensile ratio. 
 
Insert Table 3 
 
5.3 102 x 28.6 x 6.4 mm Channel, 76 x 76 x 9.5 mm and 76 x 76 x 6.4 mm Angle profiles (Shapes S3 - S5) 
 
In Table 3 the longitudinal mean mechanical properties of the web/legs of the channel (Shape S3) and the two 
angle (Shapes S4 and S5) profiles are presented. Unfortunately, the width of their flanges/legs was too small for 
transverse coupons to be prepared. The mean ultimate tensile stress of the channel profile is 11.4% greater than 
its compressive stress. Furthermore, the ultimate tensile strain is about 35% greater than the compressive strain. 
However, the values of the elastic tensile and compressive moduli are the same, and the compressive major 
Poisson’s ratio is only 3% greater than its tensile ratio. 
 
The compressive ultimate stress value for the thicker angle (Shape S4) is based on a single coupon test. De-
bonding of the aluminium tabs prevented (despite re-bonding the tabs and re-testing) the other five nominally 
identical coupons from being tested to failure. However, elastic moduli and Poisson’s ratios were determined 
from their load versus strain curves as described in sub-section 5.1. 
 
The mean tensile elastic modulus is 1.5% greater than the compressive modulus and the mean compressive 
major Poisson’s ratio is 3.4% greater than the tensile ratio. No tab de-bonding occurred with the compressive 
coupons of the thinner angle (Shape S5). Consequently, mean ultimate tensile and compressive stresses could be 
obtained. The mean ultimate compressive stress is 2.9% greater than the tensile stress. However, the mean 
ultimate tensile strain is 4.1% greater than the compressive strain. Likewise, the mean elastic tensile modulus is 
3.1% greater than the compressive modulus. And, finally, the mean compressive minor Poisson’s ratio is 7% 
greater than the tensile ratio. 
 
From the foregoing comparisons of tensile and compressive coupon elastic moduli/Poisson’s ratios and ultimate 
stresses, it is evident that, in general, the former quantities differ by less than 10% for a single shape, whereas 
the latter properties exhibit much larger differences – up to 100% in the case of Shape S1.  
 
6. Coupon failure modes 
 
In general, the longitudinal tension coupons failed in a brittle manner. Failure occurred rapidly, often without 
much prior acoustic emission, and resulted in damage to most of the coupon between its grips. In order to gain a 
greater appreciation of the initiation/development of coupon failure, additional longitudinal coupon tests were 
undertaken and recorded with a high speed video camera (NAC 500 Digital High Speed Video System at 500 
fps). The edge views of the video images in Figure 10(a) show that failure initiates on the left hand side, 
followed by delamination between the CFM and roving layers. Failure then progressed on the right hand side of 
the CFM (as shown in the rightmost image) and culminated in massive debonding/delamination of the whole 
coupon. Edge views of the extensive delamination in the six longitudinal coupons cut out of the flange of the 
203 x 203 x 9.5 mm WF profile (Shape S1) are shown in Figure 10 (b). 
 
 
Insert Figure 10(a) 
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Insert Figure 10(b) 
 
In the case of the transverse tensile coupons, a transverse surface crack triggered failure across the width and 
through the thickness, as shown in Figure 11(a). Compared to the longitudinal coupons, damage within the 
transverse coupons was localised, extending over a length of the order of the coupon’s thickness, as shown in 
Figure 11(b). 
 
Insert Figure 11(a) 
 
 
Insert Figure 11(b) 
 
 
The tensile failure modes observed in the longitudinal coupons cut out of the smaller WF profile and the channel 
and angle profiles were similar to those shown in Figure 10(b). Likewise, the tensile failure modes of the 
transverse coupons cut out of the smaller WF profile were similar to those shown in Figure 11. 
 
The failure mode of the compression coupons was predominantly delamination, as shown in Figure 12 for the 
longitudinal coupons cut out of the legs of the 76 x 76 x 6.4 mm WF profile (Shape 5). 
 
 
Insert Figure 12 
 
7. Comparison of characteristic and pultruders’ minimum stresses and elastic moduli for Shapes S1 – S5 
 
Characteristic material properties that are used in limit state design are determined from the 5% fractile of the 
statistical distribution of the test values, according to the design guides [10], [4] and [9]. In the latter document 
specific reference is made to the two-parameter Weibull distribution, whereas in the first two guides, the method 
of determining characteristic values from test data, developed and explained in Annexe D of BS EN 
1990:2002+A1:2005 [29], is adopted. The Annexe D and two-parameter Weibull methods of determining 
characteristic material properties lead to similar characteristic values. The Annexe D characteristic values, are 
determined using Eq.(1):- 
 
k m sdX X kX= −                                                                         (1) 
 
In Eq.(1) kX is the characteristic value of the material property, mX  its mean value, sdX  its standard 
deviation and k is a constant, the value of which depends on the number of nominally identical coupons of 
pultruded GFRP tested. In the majority of material tests reported herein, six nominally identical coupons were 
tested and the value of k used in Eq.(1) was 1.77. Where fewer coupons were tested the value of k increased 
slightly, e.g. for five nominally identical coupons tested the value of k in Eq.(1) was increased to 1.80, i.e. an 
increase of 1.7%. 
 
The test data, reported in Tables 2 and 3, have been processed in accordance with Eq.(1) to determine tensile 
and compressive characteristic ultimate stresses, elastic moduli, ultimate strains and Poisson’s ratios for each of 
the pultruded GFRP profiles (Shapes S1 – S5). Their characteristic values are presented in Table 4 along with 
the pultruder’s minimum values [1]. The latter values (factored) are, of course, used in permissible stress design 
rather than limit state design. Moreover, they are independent of profile size and shape, whereas the 
characteristic values depend on both attributes. Furthermore, design guide [9] requires the characteristic ultimate 
stresses and elastic moduli, determined by testing, to be not less than prescribed values, which appear to be 
identical with the pultruder’s minimum values [1], except that no value is specified for the minimum 
characteristic transverse ultimate compression stress.  
 
Insert Table 4 
 
Although characteristic elastic moduli are given in Table 4, only [9] requires their use in limit state ultimate 
stress design. It appears that mean values of the elastic moduli may be used for limit state serviceability 
(stiffness) design in [10] and [4]. However, according to [9] and [10] mean values of the elastic moduli may also 
be used for limit state (stiffness) analysis.  
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The bar charts in Figure 13 illustrate the ratios of the characteristic tensile ultimate stresses to the corresponding 
design manual minimum values [1] for the five pultruded GFRP profiles. As pointed out above, the latter values 
are independent of profile shape and size. From Figure 13(a) it is clear that the characteristic and minimum 
longitudinal tensile ultimate stresses are only nearly equal for the larger WF profile (Shape S1). For the other 
profiles (Shapes S2 – S5) the characteristic longitudinal ultimate stress exceeds the design manual minimum 
stress by between 19 and 79%. A similar comparison for the transverse tensile ultimate stress is shown for the 
two WF profiles (Shapes S1 and S2) in Figure 13(b). Again, the characteristic stresses are greater than the 
corresponding design manual values, exceeding them by 23 to 55%. A similar comparison for the longitudinal 
ultimate compressive stress is given in Figure 14, but is slightly less comprehensive because debonding of the 
aluminium end tabs of the thicker coupons prevented them from being tested to failure (though elastic modulus 
and Poisson’s ratio data were obtained). Furthermore, the characteristic longitudinal compressive ultimate 
stresses only exceed the corresponding design manual minimum values by between 3 and 52% for profile 
Shapes S2, S3 and S5. On the other hand, for the corresponding transverse ultimate stresses, the difference is 
much smaller for profile Shapes S1 and S2, i.e. between 4 and 17%. 
 
 
Insert Figure 13(a) 
 
 
Insert Figure 13(b) 
 
 
Insert Figure 14(a) 
 
 
Insert Figure 14(b) 
 
Similar plots, quantifying the ratios of the characteristic to design manual longitudinal and transverse tensile and 
compressive elastic moduli, are presented for pultruded GFRP profiles (Shapes S1 – S5) in Figures 15 and 16, 
respectively. Again, it is evident that the characteristic moduli are all dependent on size and shape, whereas the 
design manual moduli given in [1] are independent of these attributes. 
 
Insert Figure 15(a) 
 
Insert Figure 15(b) 
 
It is clear from Figure 15(a) that the characteristic and design manual tensile elastic moduli differ only by a 
small percentage, i.e. about 4%, for the WF profile (Shape S1), whereas for profile Shapes S2 – S5 the 
characteristic moduli exceed the corresponding design manual moduli by between 15 and 32%. However, as 
shown in Figure 15(b), the differences between the transverse tensile elastic moduli of the two WF profiles 
(Shapes S1 and S2) are very large with the characteristic moduli exceeding the design manual moduli by about 
65 and 57%, respectively. 
 
Similar plots for the ratios of the characteristic compressive elastic moduli to the design manual compressive 
elastic moduli are shown in Figure 16. The magnitudes of the ratios for the longitudinal compressive moduli in 
Figure 16(a) are broadly similar to the ratios for the longitudinal tensile moduli in Figure 15(a), differing at most 
by about 6%. However, the ratios of the characteristic transverse compressive elastic moduli for the two WF 
profiles (Shapes S1 and S2) are somewhat greater than the corresponding longitudinal tensile elastic moduli 
ratios (see Figure 16(a)) and exceed the design manual values [1] by 70 and 68%, respectively. 
 
Insert Figure 16(a) 
 
 
Insert Figure 16(b) 
 
8. Comparison of design ultimate stress and design elastic modulus values for limit state and permissible 
stress design of pultruded GFRP composite beams 
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For permissible stress design of pultruded GFRP composite beams under ambient temperature conditions, it is 
recommended that the design permissible stresses and design elastic moduli are equal to their minimum values 
given in [1] divided by the recommended safety factors. The safety factor for permissible stress design ranges 
from 2.5 to 4, depending on the dominant function of the profile. For beam flexure the lowest value of 2.5 is 
recommended. It is also pointed out in [1] that the ultimate stresses of the profiles are typically 20 to 25% 
greater than the minimum values. The safety factor is unity for the design elastic modulus.   However, where 
temperature is a significant environmental factor it is suggested that the minimum stress and modulus values 
should be reduced by a maximum of 50 and 15% respectively (corresponding to a temperature of 65.6 oC) 
before applying the recommended safety factors to obtain design permissible values. 
 
On the other hand, design ultimate stresses and elastic moduli for limit state design of pultruded GFRP 
composite structures are obtained by applying appropriate factors to the characteristic values, i.e. the design 
values are calculated from Eq.(2):- 
 
       
k
d
m
XX
γ
=                                                                              (2) 
 
In Eq.(2) dX  is the required design value of the material property and mγ  is a factor, generally greater than 
unity, which reduces the characteristic value to take account of specific production and in-service conditions.  
 
In the first limit state design guide for FRP structural composites [4] the factor 
m
γ  is expressed as the product 
of three sub-factors:- 
 
         1 2 3mγ γ γ γ=                                                                         (3) 
 
For tension/compression tests on coupons cut out of the pultruded GFRP profiles (Shapes S1 – S5) the sub-
factor 1 1.15γ = . Two values, namely 1.1 and 1.7 apply to sub-factor 2γ . The lower value applies when the 
pultruded GFRP profile is fully cured at the factory and the higher value applies when it is not. Several values 
are given for sub-factor 3γ . They depend on: (1) short or long term loading, (2) design operating temperature 
and (3) heat distortion temperature. If it is assumed that the operating temperature is in the range, 25 – 50 oC, 
and the heat distortion temperature range is 80 – 90 oC, then for short term loading 3 1.1γ = . The corresponding 
value for long term loading is 3 2.8γ = . Hence, the two extreme values of mγ are 1.4 and 5.5 respectively. 
However, in [4], it is also stated for building structures that 
m
γ  should not be less than 1.5, so that the minimum 
value of 
m
γ  is 1.5. 
 
In the most recent design guide [10], Eq.(2) includes an additional factor 
c
η , known as a conversion factor, and 
a modified gamma-factor Mγ . (Note: In some design codes, notably [29], the conversion factor cη and Mγ may 
be combined into a single factor
m
γ which is used to reduce the characteristic value dX .). The conversion factor 
c
η  accounts for environmental degradation effects and load duration. Hence, the design value, dX  is:- 
 
           
k
d c
M
XX η
γ
=                                                                      (4) 
 
In Eq.(4) Mγ  is expressed as the product of two sub-factors so that:- 
 
            1 2M M Mγ γ γ=                                                                   (5) 
 
For material properties derived from tests 1 1.15Mγ =  and, depending on the coefficient of variation Rσ  of the 
test results, ( )2 1.35 0.1M Rγ σ= ≤  or ( )2 1.6 0.1 0.17M Rγ σ= ≤ ≤ . Furthermore, if the material is not 
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fully post-cured, 2Mγ  has to be multiplied by 1.2. However, for the serviceability design elastic moduli,
1 2 1M Mγ γ= = . 
 
The overall value for the conversion factor 
c
η is determined from the product of conversion sub-factors for 
temperature and humidity effects, denoted by 
ctη  and cmη , respectively. According to [10], when
040d gT T C= − , 0.9ctη =  for characteristic ultimate stress and 1ctη =  for elastic modulus. Likewise, when 
( 0 040 20g d gT C T T C− ≤ ≤ − ) 0.9ctη = for both quantities. dT  and gT  are the heat distortion and glass 
transition temperatures, respectively. Similar conversion sub-factors 
cm
η  apply for three classes of humidity 
effects on characteristic ultimate stress and elastic modulus. The 
cm
η  values range from 1 to 0.8. Hence, the 
conversion factor 
c
η  ranges from 0.9 to 0.72 for design ultimate stress and 1 to 0.8 for design elastic modulus.  
 
In design guide [9] the characteristic ultimate stress of the pultruded material has to be modified by factors MC
and TC to determine the design ultimate stress. Hence, using the previous notation, the design ultimate stress is 
expressed as:- 
 
            d M T kX C C X=                                                                (6) 
 
For design ultimate stress and elastic modulus, the values of MC  are 0.8 and 0.9, respectively, and the values of 
TC  are 1 and 0.98 for 
032T C=  and for 060T C= they are 0.5 and 0.58, respectively. Hence, the combined 
factors for design ultimate stress and elastic modulus are 0.8 and 0.88 for the lower temperature, and 0.4 and 
0.52 for the higher temperature, respectively. 
 
Eqs.(2), (4) and (6) have been evaluated using conversion and sub-factors relevant to typical normal conditions  
(ambient temperature and Class I humidity conditions for fully-cured polyester material) and the characteristic 
ultimate stresses and elastic moduli given in Table 4 for the pultruded GFRP profiles (Shapes S1 – S5) to 
determine the corresponding limit state design values. These design values are presented in Table 5 together 
with the corresponding minimum stress and moduli and the corresponding permissible stress design values 
(based on dividing the minimum values by a factor equal to 2.5). It is evident that only the Channel (Shape 3) 
and the Angle (Shape 5) have longitudinal tensile and compressive design ultimate stresses greater than the 
minimum values given in [1], whereas the design ultimate stresses of all of the profiles exceed the permissible 
stress design values. On the other hand, the transverse tensile design ultimate stresses are similar to or slightly 
lower than the minimum value in [1] but they exceed the permissible stress design value. However, the 
transverse compressive design ultimate stresses are all lower than the minimum value in [1], but again exceed 
the permissible stress design value. It is also evident that the highest and lowest design ultimate stresses 
correspond to design guides [4] and [9], respectively. 
 
Insert Table 5 
 
Also in Table 5 it is clear that the transverse tensile and compressive design elastic moduli of the two WF 
profiles (Shapes 1 and 2) are greater than the minimum and permissible stress design values given in [1], and 
that the highest values correspond to design guide [9]. However, the longitudinal tensile and compressive design 
elastic moduli obtained from [9] for Shapes S2 – S5 all exceed the corresponding minimum and permissible 
stress design values given in [1], but the values obtained from [4] and [10] are lower than those in [9]. 
 
According to [9 & 10] mean elastic modulus may be used for structural analysis and according to [10] mean 
elastic modulus may also be used for limit state serviceability design. Moreover, mean elastic modulus is greater 
than both factored characteristic elastic modulus and minimum elastic modulus according to [1].  
 
Furthermore, it should be appreciated that for pultruded GFRP components and structures stiffness criteria 
(maximum deflection or critical buckling load) rather than ultimate stress frequently dominate design. 
Consequently, the fact that the limit state design stresses are, in some instances in Table 5, larger than the 
permissible stress design stresses may not necessarily be a major advantage. 
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9. Concluding remarks 
 
Mean and characteristic values of ultimate stress, elastic modulus etc obtained from 97 axial tension and 
compression tests on rectangular coupons cut longitudinally and transversely out of five different pultruded 
GFRP composite standard structural profiles have been presented. Details of the profiles (types and sizes), 
coupons (orientations and overall dimensions), test procedures, data acquisition and examples of typical coupon 
failure modes have also been given. 
 
Characteristic ultimate stresses have been compared with corresponding minimum stresses given in the 
pultruder’s design manual [1]. For example, it has been shown that the characteristic longitudinal tensile 
ultimate stresses of the 6.4 mm thick channel and angle profiles (Shapes S3 and S5) are 79% and 50% greater 
respectively than the minimum stress given in [1], which is the same for all of the profile shapes considered. 
Likewise, the characteristic transverse ultimate stresses for the 9.5 mm and 6.4 mm thick WF profiles (Shapes 
S1 and S2) are 23% and 55% greater than the minimum stress given in [1], which, again, is assumed to be the 
same for the WF, channel and angle profiles. The same trends are evident for the characteristic longitudinal and 
transverse compressive ultimate stresses relative to the corresponding minimum stresses in [1], but the 
percentage differences are smaller. 
 
Characteristic longitudinal tensile and compressive elastic moduli for the five types of profile (Shapes S1 – S5) 
have also been compared with the minimum values in [1]. The characteristic longitudinal tensile and 
compressive moduli exceed the minimum value by between 4% and 34%. However, much larger differences are 
evident for the characteristic transverse tensile and compressive elastic moduli of the two WF profiles (Shapes 
S1 and S2), ranging between 57% and 70%. Again, in [1] single values are given for the longitudinal and 
transverse elastic moduli for the sizes and shapes of the profiles considered herein. 
 
In the light of the preceding two paragraphs, it is concluded that characteristic ultimate stresses and elastic 
moduli depend on the shape and size of the pultruded GFRP profiles as well the type and direction of the 
loading. 
 
In addition to the stress and modulus data, the tests have provided characteristic ultimate strains and Poisson’s 
ratios, albeit more comprehensive for tensile than compressive loading. In particular, it is evident that 
characteristic ultimate tensile strains range from nearly 9000µε to more than 17000µε and the ultimate 
compressive strains vary between about 11000µε and 16000µε. This type of data is not given in the pultruders’ 
manuals [1 – 3]. 
 
Limit state design ultimate stresses and design elastic moduli have been derived from the corresponding 
characteristic values using the appropriate conversion and sub-factors, given in [4], [10] and [9], for the design 
of pultruded GFRP structures, particularly beams under normal conditions, and compared to permissible stress 
design values derived from factored minimum stresses given in [1]. The limit state design ultimate stresses are 
dependent on profile size and shape, whereas the permissible stress design stresses are independent of these 
attributes. It is also evident that the limit state longitudinal and transverse tensile and compressive design 
stresses are significantly larger than the corresponding permissible stress design stresses. On the other hand the 
limit state transverse design elastic moduli are larger than the corresponding permissible stress design value, 
whereas some of the limit state longitudinal design elastic moduli are lower than the corresponding permissible 
stress design value, especially those determined in accordance with [4 & 10].         
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Figure 1: Sketches (approximately to scale) of the cross-sections (Shapes S1 – S5) of the pultruded 
GFRP WF, channel and angle profiles out of which longitudinal and transverse rectangular 
tension and compression coupons were cut [Dimensions in mm]. 
 
Figure 2: Three sizes of tension coupon: (a) longitudinal coupon (Shapes S1 – S5), (b) long transverse 
coupon (Shape S1) and (c) short transverse coupon (Shape S2) [Dimensions in mm]. 
 
Figure 3: Five sizes of compression coupon: (a) longitudinal angle (Shape S4) coupon, (b) longitudinal 
channel (Shape S3) and small angle (Shape S5) coupons, (c) longitudinal large WF (Shape S1) 
web and flange and transverse web coupons, (d) longitudinal small WF (Shape S2) coupon 
and (e) transverse small WF (Shape S2) coupon [Dimensions in mm]. 
 
Figure 4: Schematic diagram of the flat-faced tapered grips and the upper and lower steel blocks of the 
IITRI test fixture. 
 
Figure 5: Image of the IITRI test fixture bolted to the Amsler test machine with a strain gauged coupon 
set up ready for testing in compression. 
 
Figure 6: Load versus mean strain for a longitudinal tension coupon cut out of the flange of the 203 x 
203 x 9.5 mm WF profile (Shape S1). 
 
Figure 7: Load versus mean strain for a transverse tension coupon cut out of the web of a 203 x 203 x 
9.5 mm WF profile (Shape S1). 
 
Figure 8: Load versus mean strain for a longitudinal compression coupon cut out of the web of a 102 x 
102 x 6.4 mm WF profile (Shape S2). 
 
Figure 9: Load versus mean strain for a transverse compression coupon cut out of the web of a 102 x 
102 x 6.4 mm WF profile (Shape S2). 
 
Figure 10: (a) Failure initiation and progression of a longitudinal tension coupon cut out of the flange of 
a 203 x 203 x 9.5 mm WF profile (Shape S1) and (b) Edge views of the failure modes of the 
six nominally identical coupons. 
 
Figure 11: Failure modes of transverse tension coupons cut out of the web of a 203 x 203 x 9.5 mm WF 
profile (Shape 1): (a) face view and (b) edge views. 
 
Figure 12: Failure modes of longitudinal compression coupons cut out of the legs of a 76 x 76 x 6.4 mm 
angle profile (Shape 5).  
 
Figure 13: Ratio of characteristic to design manual [1] ultimate tensile stresses: (a) longitudinal (Shapes 
S1 – S5) and (b) transverse (Shapes S1 and S2). 
 
Figure 14: Ratio of characteristic to design manual [1] ultimate compressive stresses: (a) longitudinal 
(Shapes S2, S3 and S5) and (b) transverse (Shapes S1 and S2). 
 
Figure 15: Ratio of characteristic to design manual [1] tensile elastic moduli: (a) longitudinal (Shapes S1 
– S5) and (b) transverse (Shapes S1 and S2). 
 
Figure 16: Ratio of characteristic to design manual [1] compressive elastic moduli: (a) longitudinal 
(Shapes S1 – S5) and (b) transverse (Shapes S1 and S2).  
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Table 1: Details of the numbers, locations and orientations of the tension and compression coupons cut 
out of the pultruded GFRP profiles. 
 
Table 2: Mean ultimate loads, stresses, strains, elastic moduli and Poisson’s ratios obtained from the 
tension and compression tests on coupons cut longitudinally and transversely out of the webs 
and flanges of 203 x 203 x 9.5mm (Shape S1) and 102 x 102 x6.4 mm (Shape S2) pultruded 
GFRP WF profiles. 
 
Table 3: Mean ultimate loads, stresses, strains, elastic moduli and major Poisson’s ratios obtained from 
tension and compression tests on coupons cut longitudinally out of the web and legs of 102 x 
28.6 x 6.4 mm (Shape S3), 76 x 76 x 9.5 mm  (Shape S4) and 76 x 76 x 6.4 mm (Shape S5) 
pultruded GFRP profiles. 
 
Table 4: Characteristic ultimate stresses, strains, elastic moduli and Poisson’s ratios and pultruders’ 
corresponding minimum values. 
 
Table 5: Comparison of limit state and permissible stress design stresses and design elastic moduli for 
normal environmental conditions. 
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Table 1 
 
Details of the numbers, locations and orientations of the tension and compression coupons cut out of the 
pultruded GFRP profiles 
 
Profile Shape 
 
Nominal 
Cross-section 
Dimensions 
[mm] 
Flange/Leg 
Coupons 
(Longitudinal) 
Web 
Coupons 
(Longitudinal) 
Web 
Coupons 
(Transverse) 
T C T C T C 
WF S1 
S2 
203 x 203 x 9.5 
102 x 102 x 6.4 
6 6 4 6 6 6 
6 - 4 5 6 6 
Channel S3 102 x 28.6 x 6.4 - - 6 6 - - 
Angle S4 
S5 
76 x 76 x 9.5 
76 x 76 x 6.4 
6 6 - - - - 
6 6 - - - - 
 
Note: T denotes tension and C denotes compression. 
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Table 2 
 
Mean ultimate loads, stresses, strains, elastic moduli and Poisson’s ratios obtained from tension and compression tests on coupons cut longitudinally and transversely out of 
the webs and flanges of 203 x 203 x 9.5 mm (Shape S1) and 102 x 102 x 6.4 mm (Shape S2) pultruded GFRP WF profiles 
 
Shape 
 
Coupon 
Orientation 
Coupon 
Location 
Coupons 
Tested 
Ultimate Load 
 
[kN] 
Ultimate Stress 
 
[MPa] 
Ultimate Strain 
 
[µε] 
Elastic 
Modulus 
[GPa] 
Major Poisson’s 
Ratio 
Minor Poisson’s 
Ratio 
T C T C T C T C T C T C 
 
 
 
S1 
 
 
Long. 
F 6(T) 
6(C)  
57.60 
(4.64) 
[8.05] 
54.71 239.9 
(18.66) 
[7.78] 
2261 14000 
(1085) 
[7.75] 
- 19.76 
(1.50) 
[7.57] 
20.78 
(1.94) 
[9.34] 
0.317 
(0.016) 
[5.08] 
0.311 
(0.014) 
[4.53] 
- - 
W 4(T) 
6(C) 
61.60 
(3.63) 
[5.89] 
- 256.1 
(15.31) 
[5.98] 
- 13550 
(287) 
[2.12] 
- 20.99 
(0.79) 
[3.75] 
20.91 
(1.50) 
[7.18] 
0.280 
(0.012) 
[4.25] 
0.313 
(0.010) 
[3.11] 
- - 
F + W 10 (T) 
12(C) 
59.2 
(4.68) 
[7.91] 
- 246.4 
(19.11) 
[7.76] 
- 13820 
(887) 
[6.42] 
- 20.25 
(1.40) 
[6.90] 
20.84 
(1.74) 
[8.33] 
0.302 
(0023) 
[7.73] 
0.312 
(0.012) 
[3.90] 
- - 
Trans. W 6(T) 
6(C) 
15.38 
(0.52) 
[3.39] 
32.64 
(2.64) 
[8.09] 
63.19 
(2.16) 
[3.41] 
125.9 
(10.21) 
[8.11] 
10622 
(988) 
[9.30] 
14484 
(1984) 
[13.70] 
9.43 
(0.22) 
[2.28] 
9.67 
(0.19) 
[1.92] 
- - 0.138 
(0.007) 
[5.16] 
0.171 
(0.016) 
[9.64] 
 
 
 
 
S2 
 
 
Long 
F 6(T) 41.35 
(2.33) 
[5.63] 
- 265.3 
(13.29) 
[5.01] 
- 138673 
(896) 
[6.46] 
- 20.704 
(0.83) 
[4.00] 
- 0.3214 
(0.010) 
[3.03] 
- - - 
W 4(T) 
6(C) 
47.23 
(1.54) 
[3.26] 
49.813 
(3.73) 
[7.49] 
289.9 
(10.97) 
[3.78] 
293.93 
(44.86) 
[15.26] 
138003 
(245) 
[1.77] 
172002 
 
 
22.17 
(0.36) 
[1.61] 
22.38 
(0.85) 
[3.81] 
0.312 
(0.021) 
[6.57] 
0.3235 
(0.015) 
[4.65] 
- - 
F + W 10(T) 43.70 
(3.53) 
[8.09] 
- 275.2 
(17.28) 
[6.28] 
- 138336 
(657) 
[4.75] 
- 21.437 
(0.97) 
[4.54] 
- 0.3177 
(0.017) 
[5.26] 
- - - 
Trans. W 6(T) 
6(C) 
12.92 
(0.40) 
[3.12] 
22.13 
(1.31) 
[5.92] 
78.86 
(2.34) 
[2.96] 
135.1 
(8.08) 
[5.98] 
14934 
(515) 
[3.45] 
16592 
(1755) 
[10.58] 
9.16 
(0.31) 
[3.37] 
10.12 
(0.49) 
[4.88] 
- - 0.148 
(0.009) 
[5.89] 
0.156 
(0.008) 
[5.30] 
Notes:  F and W denote coupons cut out of the flanges and webs, respectively; T and C denote coupons tested in tension and compression; numbers in curved and square 
             brackets denote standard deviations and coefficients of variation percentages, respectively 
            
1Only one coupon could be failed due to repeated debonding of the aluminium tabs; 2Derived from two coupon tests; 3Derived from three coupon tests;   
            
4Derived from four coupon tests; 5Derived from five coupon tests; 6Derived from six coupon tests; 7Derived from eight coupon tests 
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Table 3 
 
Mean ultimate loads, stresses, strains, elastic moduli and major Poisson’s ratios obtained from tension and compression tests on coupons cut longitudinally out of the web and 
legs of 102 x 28.6 x 6.4 mm (Shape S3), 76 x 76 x 9.5 mm (Shape S4) and 76 x 76 x 6.4 mm (Shape S5) pultruded GFRP profiles    
 
Shape 
 
Coupon 
Orientation 
Coupon 
Location 
Coupons 
Tested 
Ultimate Load 
 
[kN] 
Ultimate Stress 
 
[MPa]  
Ultimate Strain 
 
[µε] 
Elastic Modulus 
 
[GPa] 
Major Poisson’s 
Ratio 
T C T C T C T C T C 
S3  
 
Long. 
W  
 
6(T) 
6(C) 
61.95 
(2.39) 
[3.85] 
55.01 
(2.16) 
[3.93] 
392.6 
(13.19) 
[3.36] 
344.7 
(17.26) 
[5.01] 
195772 
(1243) 
[6.35] 
14504 
(823) 
[5.67] 
23.39 
(0.44) 
[1.86] 
23.40 
(0.18) 
[0.75] 
0.298 
(0.027) 
[8.96] 
0.307 
(0.021) 
[6.96] 
S4  
L 
64.66 
(3.13) 
[4.84] 
82.601 271.5 
(11.34) 
[4.18] 
351.51 12726 
(1672) 
[13.14] 
- 22.02 
(0.91) 
[4.14] 
21.70 
(0.87) 
[4.02] 
0.327 
(0.024 
[7.22]) 
0.337 
(0.015) 
[4.43] 
S5 53.03 
(1.99) 
[3.75] 
55.28 
(3.10) 
[5.60] 
332.0 
(12.82) 
[3.86] 
341.6 
(19.10) 
[5.59] 
15010 
(704) 
[4.69] 
14419 
(564) 
[3.91] 
24.80 
(1.23) 
[4.96] 
24.04 
(1.22) 
[5.07] 
0.302 
(0.023) 
[7.51] 
0.323 
(0.005) 
[1.46] 
Notes: L and W denote legs and web of the profile, respectively; C and T denote coupons tested in compression and tension, respectively 
            Numbers in curved and square brackets denote standard deviations and coefficients of variation percentages, respectively  
           
1Only one coupon could be failed due to repeated debonding of the aluminium tabs; 2Derived from four coupon tests 
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Table 4 
 
Characteristic ultimate stresses, strains, elastic moduli and Poisson’s ratios and pultruders’ corresponding minimum values 
 
Shape 
 
Coupon 
Orientation 
Coupon 
Location 
Characteristic 
Stress 
 
 
[MPa] 
Characteristic 
Strain 
 
 
[µε] 
Characteristic 
Modulus 
 
 
[GPa] 
Characteristic 
Major 
Poisson’s 
Ratio 
Characteristic 
Minor 
Poisson’s 
Ratio 
T C T C T C T C T C 
S1  
Long. 
F 206.9 - 12080 - 17.11 17.35 0.289 0.286 - - 
W 228.0 - 13024 - 19.55 18.25 0.258 0.296 - - 
F + W 213.5 - 12294 - 17.85 17.87 0.262 0.291 - - 
Trans. W 59.37 107.8 8873 10972 9.05 9.34 - - 0.125 0.142 
S2  
Long. 
F 241.8 - 12174 - 19.18 - 0.303 - - - 
W 269.8 213.2 13337 15590 21.51 20.84 0.275 0.296 - - 
F + W 245.4 - 12670 - 19.74 - 0.287 - - - 
Trans W 74.72 120.7 14022 13486 8.61 9.24 - - 0.132 0.142 
S3  
Long 
W 369.3 314.1 17302 13048 22.62 23.10 0.251 0.269 - - 
S4 L 251.5 - 9767 - 20.41 20.15 0.285 0.310 - - 
S5 309.4 307.8 13764 13421 22.62 21.88 0.262 0.315 - - 
Pultruder’s 
design 
manual [1] 
Long - 206.9 206.9 - - 17.2 17.2 - - - - 
Trans. - 48.3 103.4 - - 5.5 5.5 - - - - 
  Note: F, L and W denote flange, leg and web respectively; C and T denote compression and tension, respectively 
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Table 5 
 
Comparison of limit state and permissible stress design ultimate stresses and design elastic moduli for normal environmental conditions 
 
Pultruded 
GFRP 
Profile 
Design 
Manual or 
Design 
Guidelines 
Longitudinal 
Tensile 
Design 
Stress 
 
[MPa] 
Transverse 
Tensile 
Design 
Stress 
 
[MPa] 
Longitudinal 
Compressive 
Design 
Stress 
 
[MPa] 
Transverse 
Compressive 
Design 
Stress 
 
[MPa] 
Longitudinal 
Tensile 
Design 
Elastic 
Modulus 
[GPa] 
Transverse 
Tensile 
Design 
Elastic 
Modulus 
[GPa] 
Longitudinal 
Compressive 
Design 
Elastic 
Modulus 
[GPa] 
Transverse 
Compressive 
Design 
Elastic 
Modulus 
[GPa] 
WF (Shape S1) [4] 
[10] 
[9] 
142.3 
152.5 
170.8 
39.6 
42.4 
47.5 
- 
- 
- 
71.9 
77.0 
86.2 
11.9 
12.8 
16.1 
6.0 
6.5 
8.1 
11.9 
12.8 
16.1 
6.2 
6.7 
8.4 
WF (Shape S2) [4] 
[10] 
[9] 
163.6 
175.3 
196.3 
49.8 
53.4 
59.8 
142.1 
152.3 
170.6 
80.5 
86.2 
96.6 
13.2 
14.1 
17.8 
5.7 
6.2 
7.7 
13.9 
14.9 
18.8 
6.2 
6.6 
8.3 
Channel (Shape 
S3) 
[4] 
[10] 
[9] 
246.2 
263.8 
295.4 
- 
- 
- 
209.4 
224.4 
251.3 
- 
- 
- 
15.1 
16.2 
20.4 
- 
- 
- 
15.4 
16.5 
20.8 
- 
- 
- 
Angle (Shape S4) [4] 
[10] 
[9] 
167.7 
179.6 
201.2 
- 
- 
- 
- 
- 
- 
- 
- 
- 
13.6 
14.6 
18.4 
- 
- 
- 
13.4 
14.4 
18.1 
- 
- 
- 
Angle (Shape S5) [4] 
[10] 
[9] 
206.3 
221.0 
247.5 
- 
- 
- 
205.2 
219.9 
246.2 
- 
- 
- 
15.1 
16.2 
20.4 
- 
- 
- 
14.6 
15.6 
19.7 
- 
- 
- 
Minimum values  [1] 206.9 48.3 206.9 103.4 17.2 5.5 17.2 5.5 
Permissible stress 
design values 
(Allowable) 
[1] 82.8 19.3 82.8 41.4 17.2 5.5 17.2 5.5 
 Notes:    According to [4], [10] and [9] 1.5mγ = , 1.4c
M
η
γ
=  and 0.8& 0.9M TC C = , respectively. In the latter case, the lower and higher factors are for stress and 
                modulus, respectively.  
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Figure 10(a) 
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Figure 10 (b) 
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Figure 11(b) 
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Figure 13(b) 
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Figure 14(a) 
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Figure 14 (b) 
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Figure 15(a) 
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Figure 15(b) 
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Figure 16(a) 
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Figure 16(b) 
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